We have directly observed cathodoluminescence ͑CL͒ in ultrahigh vacuum over a broad spectral range ͑0.7-4.0 eV͒ from ultrathin 5 nm layers of remote plasma enhanced chemical vapor deposition grown a-SiO 2 :H deposited on silicon substrates. In the infrared regime, luminescence is observed at 0.8 eV, consistent with the presence in the as-deposited film of Si dangling bond localized states, as well as at 1.1 eV due to band edge emission. In the optical regime, three peaks ͑1.9, 2.7, and 3.4 eV͒ are observed showing evidence for band tail state emission from an amorphous silicon-oxygen bonded suboxide region in the film, with smaller contributions from either substrate related c-Si or defect containing, stoichiometric SiO 2 . CL spectra with a range of beam voltages indicate that the stoichiometric SiO 2 is very close to the free surface of the film, possibly due to oxidation of the air-exposed wafer or due to a nonuniformity in the film. When the films are annealed in situ in stages up to 500°C, we observe no change in the shape of the a-SiO x :H peak at 1.9 eV, showing the stability of this suboxide to such temperatures. These observations are consistent with CL measurements of thicker films of a-SiO 2 :H and a-SiO x , and demonstrate the utility of CL spectroscopy for the study of ultrathin dielectric studies.
I. INTRODUCTION
Si-SiO 2 interfaces are a subject of both fundamental interest as well as being extremely important to the performance of electronic devices, notably, metal-oxidesemiconductor ͑MOS͒ type structures. Recently gate linewidths have shrunk deep into the submicron regime and, if the scaling laws of electronic devices continue to hold, oxide thicknesses must shrink as well. For amorphous SiO 2 , the current oxide used in MOS structures to remain as a viable insulating material, the thickness of this layer must decrease to 3 nm or less in future generation devices.
At the Si-SiO 2 interface, it is well known that a siliconrich suboxide 0.4-0.6 nm thick exists between the stoichiometric amorphous SiO 2 (a-SiO 2 ) and the crystalline Si (c-Si) substrate. 1 As the thickness required of the oxide shrinks to the point where a significant fraction of the suboxide is part of the interface, detailed knowledge correlating the chemical and electrical properties of the interface becomes of increasing importance to the performance of the device.
Because the thickness of the transition layer is so thin, it is difficult to easily deconvolute the electronic properties of the suboxide from the rest of the ''bulk'' stoichiometric oxide. Photoinduced luminescence is difficult with conventional sources, given the large band gap of SiO 2 ͑9.1 eV͒ and of other dielectrics. 2 Cathodoluminescence ͑CL͒ and photoluminescence ͑PL͒ spectroscopies have been used to study the electronic properties of bulk ͑ϳ1 m͒ 
II. EXPERIMENT
The SiO 2 films were initially grown with a ϳ0.5 nm oxide layer prepared by in situ plasma-assisted oxidation onto ptype silicon wafers in a multichamber UHV system for both oxides and dielectrics. On top of this layer, the 5-nm-thick, hydrogenated SiO 2 (a-SiO 2 :H͒ films were deposited by remote plasma enhanced chemical vapor deposition ͑RPECVD͒. Additional details of the vacuum chamber apparatus and the growth process have been described elsewhere. [9] [10] [11] All the films were then transported through air to a separate UHV chamber with a base pressure of ϳ1 -2 ϫ10 Ϫ10 Torr for CL analysis. The Si-SiO 2 films were measured by CL at room temperature and Tϳ90 K. As shown schematically in Fig. 1 , an electron gun employing voltages and currents in the range 0.6-4.5 keV and ϳ1.0-4.0 A, respectively, was used for the generation of the luminescence. The electron beam is incident on the sample at an angle of 45°with a spot diameter of ϳ200-500 m. A liquid nitrogen cooled North Coast p-i-n Ge detector measured the luminescence in the spectral range 0.7-2.0 eV, while a thermoelectrically cooled S-20 photomultiplier tube ͑PMT͒ was used to measure the luminescence in the range 1.4-4.0 eV.
The Leiss monochromator employed contains a flint glass prism with nominally 50 meV resolution over the measurement range from the near infrared through the near ultraviolet ͑UV͒ part of the spectrum. For the in situ annealing experiments, the specimens were rapidly brought up to temperature ͑ϳ1 min͒, held for 5 min at 400°C or 500°C, then brought back to room temperature for analysis. During the annealing process, the specimen temperature was measured using an infrared pyrometer. The CL spectra presented here have not been corrected for the spectral responsivity dependence of the detector or the transmission of the optical train.
III. RESULTS
Even though the a-SiO 2 :H film was only 5 nm thick, the luminescence was strong enough to be faintly visible to the naked eye at room temperature. The light appeared white, with blue and red components mixed in. Besides providing quantitative luminescence spectra for the wide band gap materials, CL has another distinct advantage over optical excitation techniques, namely, a large variable excitation depth controllable via the incident electron beam energy. Figure 2 shows spectra from the as-deposited specimen for various excitation voltages ͑0.6-4.5 keV͒ with discrete peaks apparent in the visible and near UV region of the electromagnetic spectrum. There is an obvious change in spectral features as a function of beam energy. The low energy spectra at 0.6 and 1.0 keV show broad luminescence peak features centered at 2.7 and 1.9 eV. When the beam intensity is increased from 1.5 up to 4.5 keV, the features change dramatically, with a much broader band centered at 1.9 eV and a weak peak developing at 3.4 eV, which increases with increasing beam voltages.
The temperature dependence of the luminescence can help to clarify the stoichiometry and bonding arrangements of the various forms of Si and SiO x in the film, since the luminescence from a-Si is known to be strongly quenched, while a-SiO x :H does not show this behavior. As can be seen in Fig. 3 , after lowering the temperature of the as-deposited film to 90 K, the overall spectrum shape did not change significantly; there was only a minor intensity increase.
In addition to the spectra in the visible and the UV, the infrared spectrum is shown in Fig. 4 for the as-deposited film at an excitation voltage of Eϭ2 keV. Two peaks were clearly resolved at ϳ0.8 and ϳ1.0 eV. The infrared spectrum at 2 keV was typical. For voltages between 0.6 and 3.0 keV, the only significant change observed was an increase in the relative intensity of the 1.0 eV band compared to the 0. 4 is the CL spectrum after the specimen was annealed in 5 min stages in situ up to 500°C. In Fig. 4 , it is clear that there is dramatically enhanced intensity at 0.8 eV after the annealing compared to the as-deposited case. Figure 5 shows the corresponding visible/UV spectrum as a function of annealing temperature for the same excitation voltage. In contrast with the strong increase in luminescence in the infrared, there is relatively little change in intensity observed in the visible region of the spectrum. The only significant change that we observed is the slight strengthening of the 3.4 eV band as the annealing progresses.
We also addressed the possibility of electron-beam damage of the film. During our experiments, the incident beam delivers ϳmilliwatt over ϳ10 Ϫ3 cm 2 . Given the relatively high thermal conductivity of the p-doped substrate and the minimal thickness of the SiO 2 overlayer, this input power should not produce any significant thermal damage, especially in comparison to bulk SiO 2 studies. In addition, for a 2 keV beam energy with a current of 1 A, the total exposure is on the order of 10 17 electrons/cm 2 , two orders of magnitude below the reported damage threshold for a thicker SiO 2 film. 12 For our experiment for possible damage, a typical CL spectrum was measured, then the beam was allowed to remain on one spot for 2 h, and the spectra was then remeasured. As can be seen in Fig. 6 , there is only a minor change in the intensity of the 1.9 eV peak. These spectral changes are within the limits of reproducibility of our experiment. Typical CL spectra are obtained with over an order of magnitude lower exposure ͑flux times time͒, so that damage should not be a significant problem for this system with these short ͑ϳ12 min͒ exposure times and currents. 
IV. DISCUSSION
The high energy of the incident electron beam relative to the insulator band gap, i.e., 1-2 keV vs 9.1 eV, is a distinct advantage over traditional optical excitation for the generation of large densities of electron-hole pair recombination in wide band gap materials such as SiO 2 . With such a high energy excitation source, the initial electron generates a cascade of electrons and holes, multiplying its efficiency. Simultaneously, compared to the 15-20 keV normally used by a scanning electron microscope for CL, the relatively low 0.5-5 keV beam we use has a significantly shallower penetration depth compared to typical scanning electron microscopy based CL and PL spectroscopies. 13, 14 This shallow penetration depth is particularly true in wide band gap materials. For calculations based on Ref. 13 , the range for a 1 keV electron into a material with the density of SiO 2 is ϳ10 nm with the peak of the deposited energy at 1/3 of this range. Therefore low energy CL is particularly well suited for probing thin, wide band gap layers and can explain why CL has been successful in producing detectable luminescence from the SiO 2 /Si interface, in contrast to more penetrating laser excitation.
From the data presented in Fig. 2 , we can immediately identify the presence of stoichiometric SiO 2 at the very top surface layer. The 2.7, 1.9 eV combination is very similar to that observed in bulk a-SiO 2 .
3 At the same time, for the higher excitation energies ͑1.5-4.5 keV͒, the 2.7 eV peak diminishes significantly, and in its place is a single, broad peak at 1.9 eV ͓full width at half maximum ͑FWHM͒ϭ0.9 eV͔, very suggestive of band-tail transitions in an amorphous, hydrogenated, Si-rich suboxide. [15] [16] [17] Additional evidence supporting the presence of this local siliconoxygen bonding is provided by the data in the infrared. The 0.80 eV peak has been observed in thick, a-Si:H films corresponding to an optical transition from an amorphous Si band tail to midgap dangling bond states. 18 In addition to the 0.80 eV peak, the luminescence band at 0.95-1.05 eV can be assigned to the crystalline silicon substrate, since the band edge (E g ϭ1.12 eV) emission increased as the electron beam penetrated deep into the substrate. Therefore, both the infrared and visible spectra support the presence of different silicon-oxygen and silicon-silicon bonding arrangements in the film.
The final peak feature observed is a weak ϳ3.4 eV shoulder at higher incident beam energies in the as-deposited specimen. A clue to its origin is the increasing intensity of the band as the electron beam penetrates deeper into the film. From this observation and the lack of a strong 2.7 eV peak, the luminescence band might be due to the ⌫-⌫ transition ͑ϳ3.5 eV͒ of bulk crystalline silicon, most likely coming from the substrate not the SiO 2 film itself. On the other hand, this band could also be due to a defect in SiO 2 where peaks have been observed before by PL; 19 however, most luminescence measurements of SiO 2 do not have this defect feature and, when present, it is only in combination with luminescence from other defect bands between 2.2 and 2.7 eV, which are not resolved in these spectra. Therefore, at this time we cannot clearly correlate this feature with the properties of bulk films.
From the temperature dependence of the as-deposited film, we see only a minor change in the 1.9 eV band intensity down to Tϭ90 K. This observation further supports the conclusion that the luminescence band is associated with SiO 2 or a suboxide rather than a-Si:H, whose PL spectra is known to be strongly quenched at room temperature. 20 The in situ annealing experiment points out the stability of the main bonding arrangement, and it emphasizes the role of H in passivating Si dangling bonds in the film. While the visible and UV range spectra in Fig. 5 show little change, the infrared spectrum shows a dramatic increase in the intensity of the 0.8 eV band, consistent with the evolution of H from the film and the consequent increase of Si dangling bond states. Annealing to higher temperatures such as 900°C, where it is known any residual silicon would completely separate into c-Si and SiO 2 , 20 would help to clarify the role of H and the excess Si.
V. CONCLUSION
In summary, we have directly observed cathodoluminescence from ultrathin 5.0 nm SiO 2 films. From our measurements, we can reducibly differentiate between different bonding arrangements in these ultrathin films using a relatively simple, yet surface sensitive, characterization technique. While the layers are thin, they are thick enough to show a characteristic luminescence spectrum similar to what is observed in thicker films. The 5 nm SiO 2 grown by RPECVD is shown to initially have silicon-rich regions in addition to stoichiometric SiO 2 stable up to at least 500°C. Simultaneously, the passivating role of H on Si dangling bonds was also clearly observed in the luminescence spectra. From these measurements, it is clear CL is a powerful tool for probing the electronic structure at these ultrathin Si-SiO 2 interfaces and for seeing how they change with thermal annealing.
